In recent years, research on noncatalytic methods for biodiesel production has increased, mainly processes under supercritical conditions that allow the processing of waste vegetable oils (WVO) without the need to use catalysts, where the absence of catalyst simplifies the processes of purification of biodiesel. The high consumption of alcohol and energy to maintain the appropriate conditions of pressure and temperature of the reaction has turned the processes of supercritical conditions into an unfeasible method. However, the stages of biodiesel purification and methanol recovery are more straightforward, allowing the reduction of the total energy consumption by 25% compared to alkaline methods. Therefore, the present work describes a study through Aspen Plus® of the production of biodiesel by a process in supercritical conditions with WVO as raw material. Also, a solar collector arrangement was structured using the TRNSYS® simulator to supply energy to the process. To evaluate the economic feasibility of the proposed process, the installation of a pilot plant in Mexicali, Baja California, was considered. The internal rate of return (IRR) and the net present value (NPV) were determined for ten-year period. The planned system allows supplying solar energy, 69.5% of the energy required by the process, thus reducing the burning of fossil fuels and the operation cost. Despite the additional investment cost, for the solar collectors, the process manages to maintain a competitive production cost of USD 0.778/l of biodiesel. With an IRR of 31.7%, the investment is recovered before the fifth year of operation. The integration and implementation of clean technologies are vital in the development of the biofuels.
Introduction
Increasing human demand for energy from fossil fuels has generated important environmental consequences worldwide. In several countries, programs have been implemented to mix fossil fuels with biofuels to reduce dependence on fossil fuels and to obtain environmental benefits, including mitigation of climate change. One of the most promising renewable fuels as an alternative to diesel is biodiesel, which consists of a mixture of monoalkyl esters of long-chain fatty acids derived from renewable lipids such as vegetable oils or animal fats [1] .
Biodiesel is a biofuel that presents a sustainable alternative to the use of fossil fuels because it can be produced from renewable resources and its implementation in diesel engines does not require significant modifications. However, the costs of producing biofuels and energy consumption have been the primary obstacles in its industrialization and commercialization, and this has led to the investigation of various raw materials, reaction media, and designs in biodiesel production processes, seeking to increase yields and make energy consumption more efficient. All of this contributes to achieving competitive production costs and increasing the inclusion of biodiesel in the market. Using waste vegetable oils to obtain biodiesel can reduce the cost of production from 60% to 90% [2] .
Waste vegetable oils (WVO) are considered the most promising source material for biodiesel production despite some disadvantages, such as its high free fatty acid content (FFA), which require pretreatment to be used in biodiesel produced by alkaline route. Research on noncatalytic methods for biodiesel production has recently increased, where working with WVO and the absence of catalyst simplifies the processes of biodiesel purification. One of the main noncatalytic processes studied is the supercritical condition process (SCP) [3] . The most common SCP consists of the transesterification of triglycerides contained in vegetable oils and the simultaneous esterification of FFA at pressures of 8.4 MPa to 35 MPa and temperatures of 320°C to 350°C [4] . The high consumption of alcohol and energy to maintain the appropriate conditions of pressure and temperature in the reaction directly affects the viability of the SCP. However, the stages of biodiesel purification and recovery of methanol are more straightforward, allowing to reduce the total energy consumption by approximately 25% compared to alkaline methods [5] .
Solar energy has enormous potential for exploitation due to its abundance, and its use has been increasing, for example, in domestic heating water, air conditioning, energy supply to industrial processes, and even in the electric power generation [6] [7] [8] . By harnessing the energy provided by the sun, it is possible to reduce the energy consumption of industrial processes, usually produced from fossil fuels. Due to the high energy consumption of the SCP, the implementation of solar energy as the main source of energy would imply great benefits for the process. In the present work, a series of simulations were performed that represent the process of production of biodiesel in supercritical conditions, with WVO as raw material, in which solar collectors were used in supplying energy to the process.
Methodology
The current study is focused on the production of biodiesel under supercritical conditions and the viability of solar energy as a source of thermal energy for the process. In Figure 1 , the diagram that describes these processes can be seen.
In previous studies, a methodology was developed for the evaluation of the coupling of solar energy to a biodiesel production process. Where the energy loads were determined from the biodiesel production simulation in Aspen Plus, an array of solar collectors was structured through TRNSYS to supply the required energy in the recovery of methanol for the process [9] . This work starts with the previously developed methodology, but the study explores not only the application of solar energy in the recovery of solvents but also in the reaction conditions. 2.1. Raw Material. The raw material used for the production of biodiesel consists of WVO which have been widely used in 2 International Journal of Photoenergy various studies [10] [11] [12] . Triolein has been extensively used as a representative compound of a vegetable oil and methyl oleate as the biodiesel produced from this oil. However, there are various components in vegetable oil that should be taken into account in a simulation. Canola oil is one of the most consumed vegetable oils in Mexico [13] , and it was therefore selected for this analysis. Based on data reported in the literature, the main triglycerides and FFAs that formed canola oil were determined [14] . It proposed a model of components to represent a more accurate and near to real composition of canola oil.
The percentage of FFA is used to symbolize the level of degradation of vegetable oil due to its use in cooking food. The composition of the WVO utilized in the simulation is exposed in Table 1. 2.2. Biodiesel SCP. Conventionally, the biodiesel production consists of the transesterification of triglycerides through basic or acid catalysis where glycerol is produced as a byproduct. In a biodiesel SCP, the triglycerides and FFA of oil are simultaneously transformed into biodiesel, without the need for catalysts due to the operating conditions. Recent research has indicated that it is possible to produce up to an additional 10% biofuel if the glycerol formed by the transesterification reaction is completely decomposed into 1,2,3-trimethyl glycerol triether. Thus, certain properties of biodiesel could be improved, favouring the cetane number [15] . Therefore, in this research, it was considered that all glycerol is decomposed into 1,2,3-trimethyl glycerol triether and incorporated into the biodiesel. Equations (1) and (2) indicate the reactions from which the biodiesel production was simulated. Equation (1) is the overall transesterification reaction for triglycerides while (2) is the esterification reaction for FFA. Due to the presence of FFA in the WVO, both reactions were considered simultaneously.
The production of biodiesel was simulated in Aspen Plus and was designed to process 100 kg/h of WVO. The process consists of four main stages, which are described below.
First, the oil and methanol are brought to a pressure of 150 bar. Subsequently, its temperature is raised to 350°C in a series of heat exchangers. Once the appropriate pressure and temperature conditions have been reached, the reactants enter into a stoichiometric reactor. In which, five simultaneous reactions are carried out: two transesterification reactions for each of the triglycerides and three esterification reactions for the different FFAs. Both transesterification and esterification reactions have a yield of 98% and a molar ratio of methanol-triglycerides and methanol-FFA of 9 : 1.
Purification of the biodiesel is carried out in a flash separation tank, under conditions of 1 bar and 95°C. Finally, the outlet steam enters a distillation column, where the main objective is to recover the excess of methanol. The distillation is carried out in an 8-stage column, with feed in step four and a reflux ratio of 1.5.
In the simulation, two systems of thermodynamic properties were used, RK-Aspen for the stages that operate in supercritical conditions and UNIFAC-LL for the stages of purification of biodiesel and recovery of methanol.
Solar Thermal Energy
Collection and Supply System. The supply of thermal energy through solar energy is used to maintain the temperature conditions suitable for the reaction and in the recovery of methanol. Due to the high operating temperatures required by the process, parabolic trough collectors (PTCs) were selected for the capture of solar energy. PTCs have been used extensively in the generation of electricity because they can reach temperatures above 400°C [16] . The capture of solar energy was simulated in TRNSYS, considering the climatic conditions for the city of Mexicali, located in the northwest region of Mexico, whose annual average solar radiation has been determined as suitable for the exploitation of solar resources [17] .
The system of supply and storage of the thermal energy necessary for the continuous operation of the process is carried out through the solar heating of a heat transfer fluid (HTF). From the HTF at high temperature, it is possible to generate process steam. The HTF selected for the transport of thermal energy was thermal oil, a eutectic mixture of biphenol and diphenol oxide, the trade name of which is Therminol® VP-1 [18] .
The system diagram for HTF heating and storage is exhibited in Figure 2 . The energy storage system consists of a storage tank for the fluid prior to heating (tank 1) and one for the heated fluid (tank 2). The heating is effected by the arrangement of the solar collectors and a series of heat exchangers, which represent the stages of the steam generation that provide thermal energy to the biodiesel production process.
For the sizing of the array of solar collectors, the annual solar fraction was utilized, which is a commonly used parameter in the design and optimization of solar energy capture systems [19, 20] . The solar fraction is a better indicator of the performance of a solar energy system compared to other parameters such as the efficiency of the collectors or the heat factor removed because it shows an overall performance of the system and not a single individual component [21] . The solar fraction is described as the relation between the contributions of solar energy to the total energy required by the process: where f is the solar fraction, Q s is the heat contributed by the solar energy to the process, and Q Aux is the auxiliary thermal energy required. As the solar fraction increases in a solar energy system, the amount of fossil energy used for auxiliary heating is lower [22] . The solar fraction, as a parameter, is used to analyze the variation of it with different system components, such as collection areas, various working fluids, volumes of storage tanks, and building materials. When a system is properly designed, for example, when the energy demand of the process is almost entirely covered, the addition of more collectors does not lead to an increase in the use of solar energy. In periods of high solar radiation, the system produces excess heat, which leads to not only to higher heat losses in the collectors but also to lower efficiency. Overdimensioning of solar systems involves higher costs than the benefits of energy collection. Moreover, during periods of low solar radiation, the uptake of energy is higher but the total annual energy captured is lower than in the original system [23] .
Results and Discussion
Simulating biodiesel SCP was possible. In the simulation, 100 kg/h of canola WVO is processed. The simulation diagram and streams of importance are displayed in Figure 3 and Table 2 , respectively.
According to the results of the simulation, in the biodiesel SCP, a production of 107.17 kg/h can be maintained which represents a 95.4% yield in the final biodiesel production. The B-diesel stream is composed of 97.75% biodiesel. Also, according to the information of the R-MET stream, it is possible to recover 87.6% of the unreacted methanol in stream 6. Stream 11 is mostly composed of 42% water and 39% trimethyl triether. However, this stream is considered as waste due to the low mass flow of 12.86 kg/h and the trimethyl triether could be purified if a large scale plant is planned. The energy demand of the process is presented in Table 3 .
Through Aspen Plus, it was estimated that a flow of 220 kg/h of thermal oil at 320°C is necessary to generate the process steam. Under these conditions, the HTF can only generate enough steam to supply 22.9 kW of the required power to the exchanger (B3), which represents 76.5% of the energy necessary by the B3 module.
Thermal energy storage and supply system were structured through TRNSYS which can be seen in Figure 4 . For a constant flow of 220 kg/h of HTF at 320°C is required a cold HTF storage tank of 6 m 3 and a hot HTF storage tank of 4 m 3 . Due to the intermittency of the solar resource, different International Journal of Photoenergy outflows for tank 1 and tank 2 were considered, 660 kg/h and 220 kg/h, respectively. In this way, the HTF necessary for the continuous operation of the biodiesel process is brought to the appropriate temperature for approximately 8 h. For the determination of the array of collectors adequate to meet the needs of the process, a group of arrangements of solar collectors was compared according to the annual solar fraction of the solar thermal storage system. Figure 5 reveals the annual solar fraction contributed by different arrays in series and parallel.
From the analysis of solar fraction, it can be observed that the use of solar energy increases as the number of collectors in series and parallel increases. Figure 5 displays the effect on the solar fraction for each proposed arrangement, where each line represents the number of collectors in series arranged by collectors in parallel according to the horizontal axis. The annual solar fraction used by different arrangements studied ranges from 0.81 to 0.82. Also, it can be observed that the variation in the solar fraction is considerably reduced from 13 collectors in parallel and 6 in series. As a result of the study of the thermal energy storage system for the biodiesel SCP, the collector arrangement was obtained and is presented in Table 4 .
Due to thermal energy losses in tank 2, activation of the auxiliary heating system is required. Figure 6 illustrates the energy savings provided by the solar thermal storage system to the biodiesel production process, as well as the energy consumed by the same system. The energy saving is given by the energy obtained from the solar collectors. And the energy consumed by the system consists of the auxiliary heating required and the energy consumed by the system pumps.
The proposed collector array coupled with the SCP biodiesel reduces the energy consumption produced by the burning of fossil fuels. Figure 7 displays the monthly solar fraction provided by the array of solar collectors.
It can be observed that the most significant contribution of solar energy to the process occurs in the months that comprise from March to September, where there is an input of solar energy superior to 69.5% of the thermal energy required by the biodiesel process, with a peak supply of 69.7% in June. Figure 8 displays the different energy inputs to the biodiesel production process annually, where the 69.49% of the energy required for the process is supplied by the array of solar collectors.
Economic
Analysis. An economic analysis of the biodiesel production process in supercritical condition, considering the use of solar collectors for the energy supply, was performed.
The economic analysis consisted the building of the biodiesel production process and the solar power storage system, with the specifications obtained through the performed simulations. For the analysis, the installation, operation, and maintenance costs of the process were considered, as well as the income and outcome.
The economic study was carried out in a ten-year period of operation, in which an annual average inflation of 5.5% and a recovery value of zero at the end of ten years were considered. The economic feasibility of the biodiesel production processes was compared considering the internal rate of return (IRR) of the investment, the number of periods in which the investment is paid, and the net present value of the project. Table 5 , the quantities and unit costs of the raw materials are described, as well as the required energy and its unit cost for the industrial sector of low voltage in Mexicali, Baja California.
The characteristics of the process in supercritical conditions do not require raw materials as catalysts or water for the biodiesel washing.
The required energy for biodiesel production in supercritical conditions is considerably higher than other processes. However, it must be taken into consideration that the required energy is considered as auxiliary power because the main energy source is thermal energy, which comes from the solar system. Table 6 presents the required equipment for the process and its estimated costs. Due to the simplicity of the process, it does not require an esterification reactor, decanter, or neutralizer, for the absence of catalysts makes more straightforward purification of biodiesel. However, for the reaction conditions, a more sophisticated and expensive transesterification reactor is required. The high energy consumption to maintain the operation process conditions in supercritical conditions requires an extensive collector's array that represents an important part of the initial investment of the project. The total cost of the investment and the operation cost are listed in Table 7 .
According to the working capital, which represents the expenditures needed for the operation of the plant, and the 6 International Journal of Photoenergy production volume established by the performed simulations, it is possible to determine the monthly production cost and the production cost by a biofuel liter. Table 8 displays a comparison of the production costs for the proposed process and other similar processes mentioned in the literature. It also indicates the trade prices of biodiesel and diesel in Mexico and the USA. The production costs of the proposed process exceed some of the similar processes found in the literature. However, the determined location for the project allows the production cost to be competitive if compared with other current prices of fossil fuels in the north of Mexico and the USA border with Mexico, which permits offering a competitive price in the market. For the economic analysis in the ten-year period, it was considered an interbank interest annual average rate of 6.5%. The economic analysis revealed that the process has an annual IRR of 31.7% which allows an investment recovery before the fifth year of operation and a positive NPV of USD 1,643,955. It demonstrates that the proposed process would have economic and environmental benefits.
Conclusions
The production processes of biodiesel are highly benefited by the use of WVO as a raw material, due to its low cost compared to new oils, impacting the final cost of production. The biodiesel production processes in supercritical conditions have become an option of high relevance since they operate without the need of catalysts. The formation of soaps is avoided in the SCP when the amount of FFA is high and facilitates the processes of purification of biodiesel. Also, due to the lack of catalyst, the waste stream generation is diminished. The simulation in Aspen Plus allowed evaluating the energy demand of the biodiesel SCP. With this information, a solar energy capture system was modelled in TRNSYS, which allowed to supply as much energy as possible to the process. By using an array of parabolic trough collectors for the energy supply to the biodiesel production process, the burning of fossil fuels is reduced, increasing the sustainability of the process. The proposed arrangement, six collectors in series and 13 in parallel with a single collection area of 10 m 2 , can provide 82% of the energy required by the exchanger (B3) and the reboiler of the column (B6), which represents the 69.45% of the energy needed for the entire process annually. The estimated production cost for the proposed process is of USD 0.778/l and represents a competitive cost for a plant located on the border with the USA and the current prices of fossil fuels. The recovery of the investment takes place before finishing the fifth year, with an IRR of 31.7% and obtaining a positive NPV of USD 1,643,955. The integration and implementation of clean technologies are significant for the development and growth of biofuels and sustainable development.
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